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INTRODUCTION {#lio222-sec-0004}
============

Salivary Adenoid Cystic Carcinoma (ACC) is a slow growing but relentlessly recurring and progressive tumor. Until recently, little has been understood about molecular drivers or therapeutic targets. Cell cultures and models have only recently emerged. Insights from new sequencing data and cultures suggest that ACC possesses characteristics of neural crest stem cells and that targeting drivers of neural crest stemness may result in therapeutic benefit.

Clinical Presentation, Histopathology, and Current Therapy {#lio222-sec-0005}
----------------------------------------------------------

Adenoid cystic carcinoma (ACC) is the second most frequent malignancy of salivary glands, accounting for more than 20% of all salivary cancers with an incidence of ∼1.5 per 100,000.[1](#lio222-bib-0001){ref-type="ref"}, [2](#lio222-bib-0002){ref-type="ref"} Familial history, toxic exposures, or environmental exposures are not associated with increased risk of ACC.[2](#lio222-bib-0002){ref-type="ref"}, [3](#lio222-bib-0003){ref-type="ref"} In the parotid gland, ACC is the second most common cancer type, occurring in 7% to 18% of cases; however, ACC is most common cancer type in the sublingual, submandibular, and minor salivary glands.[4](#lio222-bib-0004){ref-type="ref"}, [5](#lio222-bib-0005){ref-type="ref"}, [6](#lio222-bib-0006){ref-type="ref"}, [7](#lio222-bib-0007){ref-type="ref"}Whereas most often found in the minor salivary glands of the tongue, buccal mucosa, and palate,[4](#lio222-bib-0004){ref-type="ref"}, [6](#lio222-bib-0006){ref-type="ref"} ACC also occurs in other airway sites, including the paranasal sinuses, lips, larynx, trachea, and nasolacrimal tract.[8](#lio222-bib-0008){ref-type="ref"} Outside of the aerodigestive tract, ACC arises in diverse sites that contain glandular structures, such as the breast,[9](#lio222-bib-0009){ref-type="ref"} prostate,[10](#lio222-bib-0010){ref-type="ref"} skin,[11](#lio222-bib-0011){ref-type="ref"} and female genital tract.[12](#lio222-bib-0012){ref-type="ref"} The classical behavior of ACC is somewhat paradoxical: growth is slow and indolent, but the cancer is relentless and progressive.[8](#lio222-bib-0008){ref-type="ref"} Adenoid cystic carcinoma normally presents as an asymptomatic mass, but can be associated with numbness, paresthesia, or pain. Although the 5‐year survival rate of ACC patients is relatively high at ∼70%, 15‐year survival rate drops to ∼40%, and 20‐year survival is as low as 20%.[13](#lio222-bib-0013){ref-type="ref"}, [14](#lio222-bib-0014){ref-type="ref"} Due to this indolent course, ACC affects about 10,000 lives in the United States alone. The major reasons for poor survival are frequent local recurrences and distant metastases to the lungs, brain, and bone.[15](#lio222-bib-0015){ref-type="ref"}, [16](#lio222-bib-0016){ref-type="ref"}

Adenoid cystic carcinoma is composed of two cell types: myoepithelial and ductal cells.[6](#lio222-bib-0006){ref-type="ref"} Within the tumor, myoepithelial‐type cells are typically arranged at the periphery of nests or tubules, whereas cells with ductal/epithelial differentiation are arranged toward the pseudo‐lumens. Myoepithelial cells share immunophenotypic features with smooth muscle and basal/stem cells.[17](#lio222-bib-0017){ref-type="ref"}, [18](#lio222-bib-0018){ref-type="ref"}, [19](#lio222-bib-0019){ref-type="ref"} Of the three histological subtypes of ACC (cribriform, tubular, and solid), cribriform is the most common, and ACC grade is based solely on the growth pattern: grade 1 = tubular, grade 2 = cribriform, and grade 3 = solid.[20](#lio222-bib-0020){ref-type="ref"}, [21](#lio222-bib-0021){ref-type="ref"} Solid histology has historically been associated with a worse prognosis[22](#lio222-bib-0022){ref-type="ref"}; however, more recent studies reveal that tumor stage rather than histologic grade is a more accurate prognostic indicator.[23](#lio222-bib-0023){ref-type="ref"}, [24](#lio222-bib-0024){ref-type="ref"} In all subtypes, perineural invasion is very common (60% of cases), even in early stage tumors.[25](#lio222-bib-0025){ref-type="ref"}, [26](#lio222-bib-0026){ref-type="ref"}, [27](#lio222-bib-0027){ref-type="ref"}

Treatment of ACC is currently limited to surgery with or without postoperative radiation. Positive margin status is a significant predictor of local recurrence, but interestingly, margin status does not alter the rate of distant metastasis.[28](#lio222-bib-0028){ref-type="ref"} High recurrence rates and dismal survival of ACC may be explained in part by its intrinsic resistance to radiation and chemotherapy, emphasizing the need for new targeted therapies[29](#lio222-bib-0029){ref-type="ref"}; however, a myriad of clinical trials have not been successful (see below).

MATERIALS AND METHODS {#lio222-sec-0006}
=====================

Articles available on PubMed or OVID MEDLINE database were reviewed and combined with recent unpublished observations.

RESULTS AND DISCUSSION {#lio222-sec-0007}
======================

Clinical Trials {#lio222-sec-1007}
---------------

### Systemic Single‐Agent Cytotoxics {#lio222-sec-0008}

Because recurrence and metastasis occur frequently despite surgery and radiation, multiple clinical trials have been performed to determine utility of systemic therapy in ACC. Despite over 30 phase II clinical trials enrolling patients with ACC since 1985, no drug therapies have shown efficacy or been approved for ACC treatment.[30](#lio222-bib-0030){ref-type="ref"}

Single‐agent treatments with traditional cytotoxic drugs have largely failed to achieve objective responses. In eight trials of single‐agent cytotoxic regimens of gemcitabine,[31](#lio222-bib-0031){ref-type="ref"} paclitaxel,[32](#lio222-bib-0032){ref-type="ref"} cisplatin,[33](#lio222-bib-0033){ref-type="ref"}, [34](#lio222-bib-0034){ref-type="ref"} mitotraxone,[35](#lio222-bib-0035){ref-type="ref"}, [36](#lio222-bib-0036){ref-type="ref"} epirubicin,[37](#lio222-bib-0037){ref-type="ref"} and vinorelbine,[38](#lio222-bib-0038){ref-type="ref"} objective responses occurred in only 18 of 141 (12.8%) patients with recurrent and/or metastatic disease.[30](#lio222-bib-0030){ref-type="ref"} For those cases that did respond to treatment, durations of response were short, ranging from 5 to 20 months. Disease stabilization was a more common finding in these trials, reported in 64 of 111 (57.7%) patients[30](#lio222-bib-0030){ref-type="ref"}; however, durations of effect were relatively short, with a maximum reported stabilization period of 30 months. Given its variably indolent nature, treatment‐induced disease stabilization versus natural course of disease is difficult to distinguish in ACC.

### Combinatorial Cytotoxic Regimens {#lio222-sec-0009}

Combinations of traditional cytotoxic agents in ACC produced a higher response rate compared to single agents, but once again failed to attain long‐term responses. A review of 17 trials of combinatorial chemotherapy found that 35 of 143 (24.5%) patients demonstrated an objective response.[30](#lio222-bib-0030){ref-type="ref"} Cisplatin and doxorubicin were most commonly tested, and they were employed in combination with cyclophosphamide in four trials.[39](#lio222-bib-0039){ref-type="ref"}, [40](#lio222-bib-0040){ref-type="ref"}, [41](#lio222-bib-0041){ref-type="ref"}, [42](#lio222-bib-0042){ref-type="ref"} These trials reported the highest objective response rates occurring in nine of 36 (25%) patients; however, duration of response was only from 5 to 16 months.[40](#lio222-bib-0040){ref-type="ref"}, [42](#lio222-bib-0042){ref-type="ref"} Given the short duration of response and accompanying increased toxicities, no combinations were recommended as a standard.[38](#lio222-bib-0038){ref-type="ref"}

Despite the low rate of objective responses, chemotherapeutic agents are used for palliation in ACC management, with symptomatic relief reported in 30% to 70% of patients treated with single‐agents and 25% to 64% of those treated with combinatorial regimens.[30](#lio222-bib-0030){ref-type="ref"}

### Targeted Therapies {#lio222-sec-0010}

Given the discovery of high c‐Kit expression in 90% of ACC tumors, imatinib, a tyrosine kinase inhibitor (TKI) with activity blocking c‐Kit activity, has been the agent of multiple trials. Six trials of have assessed imatinib activity in a cumulative 71 ACC patients, five of which found no objective responses[43](#lio222-bib-0043){ref-type="ref"}, [44](#lio222-bib-0044){ref-type="ref"}, [45](#lio222-bib-0045){ref-type="ref"}, [46](#lio222-bib-0046){ref-type="ref"}, [47](#lio222-bib-0047){ref-type="ref"} and one of which saw two objective responses.[46](#lio222-bib-0046){ref-type="ref"} One trial also assessed the effect of adding cisplatin to imatinib, reporting three patients with partial responses in the combination group versus none in the imatinib‐only group.[48](#lio222-bib-0048){ref-type="ref"} As a result of these trials, targeting c‐Kit therapy has currently been abandoned in ACC.

As in other epithelial cancers, members of the epidermal growth factor receptor (EGFR) family are expressed/overexpressed in ACC,[49](#lio222-bib-0049){ref-type="ref"} prompting trials of EGFR inhibitors. Gefitinib, the first inhibitor of EGFR\'s tyrosine kinase domain; Lapatinib, a TKI targeting EGFR and human epidermal growth factor receptor 2 (HER2/neu or ERBB2); and cetuximab, a monoclonal antibody inhibitor of EGFR, each failed to elicit objective responses in ACC patients.[50](#lio222-bib-0050){ref-type="ref"}, [51](#lio222-bib-0051){ref-type="ref"}, [52](#lio222-bib-0052){ref-type="ref"} Combinatorial therapy using cetuximab as a backbone with cisplatin, and 5‐fluorouracil in 12 patients with metastatic EGFR‐positive ACC or cisplatin, and concomitant radiotherapy in nine patients with locally advanced EGFR‐positive ACC[53](#lio222-bib-0053){ref-type="ref"}, revealed favorable results compared to historical outcomes. Objective responses were found in four (44%) patients with locally advanced disease and five (42%) patients with metastatic disease.[53](#lio222-bib-0053){ref-type="ref"} Although the toxicity of these regimens can be high, regimens combining EGFR inhibitors; platinum‐based chemotherapy; and radiotherapy, when indicated, may be a viable treatment approach in ACC.

A notable proportion of ACCs highly express fibroblast growth factor receptor (FGFR) pathway components, and mutations of FGFRs have been found in a small percentage of tumors,[54](#lio222-bib-0054){ref-type="ref"}, [55](#lio222-bib-0055){ref-type="ref"} providing impetus for clinical trials of fibroblast growth factor receptor inhibition. A phase II study of dovitinib, a multi‐kinase inhibitor of FGFR, vascular endothelial growth factor receptors (VEGF), and platelet‐derived growth factor receptors (PDGFR) revealed only one partial response (3%) in patients with unresectable or metastatic ACC.[56](#lio222-bib-0056){ref-type="ref"} Similarly, sunitinib, which inhibits of multiple targets expressed in ACC (e.g., c‐Kit, VEGFR, PDGFR, and the rearranged during transfection \[RET\] proto‐oncogene) also failed to deliver objective responses in patients with progressive, recurrent, or metastatic disease.[57](#lio222-bib-0057){ref-type="ref"}

Trials of bortezomib, a proteasome inhibitor, alone or in combination, delivered only one partial response in a patient treated concurrently with doxorubicin.[58](#lio222-bib-0058){ref-type="ref"} Inhibition of the mammalian target of rapamycin with everolimus was studied a phase II trial enrolling ACC patients, but no responses were observed.[59](#lio222-bib-0059){ref-type="ref"}

Current Trials {#lio222-sec-0011}
--------------

Development of drugs inhibiting potential molecular targets in ACC is prompting more phase II clinical trials that are currently ongoing. Agents under investigation include selinexor (inhibitor of nuclear export), eribulin (inhibitor of microtubule dynamics), and pembrolizumab (PD‐1 inhibitor).

Cytotoxic and targeted therapies have dismally failed to impact disease progression in ACC. To improve clinical trial success, a more complete understanding of molecular changes in ACC---accompanied by biological studies to identify important molecular drivers as well as preclinical models---are needed.

Mutational Landscape of Adenoid Cystic Carcinoma {#lio222-sec-0012}
------------------------------------------------

The poor track record of clinical trials using cytotoxic and targeted agents in ACC reflects inherent or rapid development of acquired resistance and highlights the inadequacy or lack of preclinical studies. Fortunately, advances in sequencing and in cell culture techniques are beginning to provide improved insight into potential therapeutic targets. Three reports of genome and whole exome sequencing of a combined 112 specimens[54](#lio222-bib-0054){ref-type="ref"}, [55](#lio222-bib-0055){ref-type="ref"}, [60](#lio222-bib-0060){ref-type="ref"} have catalogued genetic defects in ACC.

Chromosomal Aberrations and Myeloblastosis and Myeloblastosis‐like 1 Fusions {#lio222-sec-0013}
----------------------------------------------------------------------------

Recurrent chromosomal loss of 1p36, 6q, 9p, and 12q occur in ACC,[54](#lio222-bib-0054){ref-type="ref"}, [61](#lio222-bib-0061){ref-type="ref"}, [62](#lio222-bib-0062){ref-type="ref"} and ACC‐intrinsic chromosomal aberrations in 6q16‐25 have been known for almost 30 years[63](#lio222-bib-0063){ref-type="ref"}, [64](#lio222-bib-0064){ref-type="ref"}; however, only recently has the product of the translocation between chromosomes 6 and 9 t(6;9) been shown to produce a fusion between the myeloblastosis (MYB) and the nuclear factor 1 B‐type (NFIB) transcription factors.[65](#lio222-bib-0065){ref-type="ref"}, [66](#lio222-bib-0066){ref-type="ref"} Myeloblastosis‐NFIB fusions are found in 50% of ACC cases; however, other MYB translocations identified by whole genome sequencing raise the total of MYB translocations in ACC to approximately 75%, making them by far the most frequent recurrent ACC‐intrinsic genetic alteration.[54](#lio222-bib-0054){ref-type="ref"}, [55](#lio222-bib-0055){ref-type="ref"}, [67](#lio222-bib-0067){ref-type="ref"}, [68](#lio222-bib-0068){ref-type="ref"}, [69](#lio222-bib-0069){ref-type="ref"}, [70](#lio222-bib-0070){ref-type="ref"}, [71](#lio222-bib-0071){ref-type="ref"}

As a transcription factor, MYB\'s oncogenic activity is well established, primarily due to its clear role as a driver of many hematopoietic cancers. Myeloblastosis was initially found as the cellular homologue of the viral transforming viral‐MYB (v‐MYB) gene, which induces leukemia following infection of birds with the avian retroviruses: avian myeloblastosis virus and E26 leukemia virus (reviewed in[72](#lio222-bib-0072){ref-type="ref"}). The MYB protein contains three motifs: an N‐terminal helix‐loop‐helix DNA binding domain that binds to PyAACG/T, a central transcription activation domain, and a C‐terminal negative regulatory domain (reviewed in[72](#lio222-bib-0072){ref-type="ref"}). In some human tumors, MYB mutations result in truncated proteins reminiscent of truncations that activate v‐MYB. Tumor‐associated MYB mutations increase MYB protein production or stability through disruption of MYB gene sequences that inhibit its transcription or through loss of the C‐terminal negative regulatory domain. However, MYB lacking mutations is also amplified in solid tumors, including about 30% of BRCA‐1 mutated hereditary triple‐negative breast cancers and approximately 10% of pancreatic cancers. Curiously, MYB mutations are not described in ACC.

As an alternative means of MYB activation, gene fusions or rearrangements involving MYB are found in several tumor types. A subset of T‐cell acute lymphoblastic leukemia (T‐ALL) is defined by an intrachromosomal fusion placing MYB adjacent to the T‐cell receptor β gene. Intrachromosomal rearrangements placing MYB adjacent to sequences within chromosome 6 and creating fusions of C‐terminally truncated MYB are found in angiocentric gliomas, a subset of pediatric low‐grade gliomas.[73](#lio222-bib-0073){ref-type="ref"} In ACC, the most frequent translocation between chromosomes 6 and 9 t(6;9) links exon 14 of MYB with exon 8c or 9 of NFIB[67](#lio222-bib-0067){ref-type="ref"}, [72](#lio222-bib-0072){ref-type="ref"}; but other MYB‐NFIB breakpoints are described. We recently identified an intrachromosomal 6q rearrangement that truncates MYB in exon 14, producing a C‐terminal MYB truncation[65](#lio222-bib-0065){ref-type="ref"} and adjoining the truncated MYB gene to a long noncoding RNA gene (unpublished data, Yale Laboratory for Head and Neck Oncology). Regardless of the exact breakpoint, all fusions in ACC maintain both the DNA binding and transcription activation domains of MYB.[67](#lio222-bib-0067){ref-type="ref"}, [72](#lio222-bib-0072){ref-type="ref"}

The C‐terminal MYB truncations, as frequently produced by MYB translocations in cancer, stabilize the MYB protein or mRNA by diminishing its C‐terminal ubiquitination or by excluding MYB sequences that bind to negatively regulating miRNAs.[74](#lio222-bib-0074){ref-type="ref"}, [75](#lio222-bib-0075){ref-type="ref"}, [76](#lio222-bib-0076){ref-type="ref"} In addition to its activation through C‐terminal truncation, translocations or intrachromosomal rearrangements can place enhancer elements close to the MYB gene. In ACC, translocations juxtapose the MYB gene and superenhancers flanking NFIB, and these enhancers interact with the MYB promoters to drive MYB expression.[71](#lio222-bib-0071){ref-type="ref"} Translocations that adjoin the MYB gene to NFIB‐enhancer sequences establish a positive‐feedback loop because the MYB protein binds to the errantly adjacent superenhancer, thereby increasing its own transcription.

Somewhat surprisingly, a subset of known fusion‐negative ACCs highly express MYB, suggesting that this overexpression occurs through other mechanisms.[68](#lio222-bib-0068){ref-type="ref"}, [77](#lio222-bib-0077){ref-type="ref"} Adenoid cystic carcinoma gene expression profiling reveals a common intrinsic gene signature, with MYB being the top scoring gene, even among those who do not contain MYB fusions.[78](#lio222-bib-0078){ref-type="ref"} These findings suggest that the known MYB‐NFIB fusions are not the only mechanism driving MYB activity. As a potential alternative mechanism for MYB stabilization, homozygous deletion or mutation of the F‐Box and WD repeat domain containing 7 (FBXW7) gene is described in ACC[79](#lio222-bib-0079){ref-type="ref"}, [80](#lio222-bib-0080){ref-type="ref"} (unpublished data, Yale Laboratory for Head and Neck Oncology). Given that FBXW7 functions to ubiquitinate the MYB protein, leading to its destruction, loss of FBXW7 is expected to increase MYB expression through stabilization of the MYB protein.

Mechanisms driving MYB expression, such as loss of FBXW7 or MYB fusions to partners other than NFIB, easily explain detection of the MYB transcriptional signature in ACCs that lack MYB‐NFIB fusions. However, the MYB expression signature is also found in tumors lacking MYB expression, suggesting that another mechanism drives a MYB‐like expression pattern.[78](#lio222-bib-0078){ref-type="ref"} Myeloblastosis has two homologues, MYB‐like 1 (MYBL1) and MYB‐like 2 (MYBL2). Defects in MYBL1 are associated with pediatric low‐grade gliomas.[81](#lio222-bib-0081){ref-type="ref"} Whole genome sequencing of ACC lacking MYB‐NFIB fusions found that approximately 30% contained a fusion between MYBL1 and NFIB, or MYBL1 and other loci.[82](#lio222-bib-0082){ref-type="ref"} As with MYB fusions, MYBL1 fusions retain the DNA binding and transcription activation domains and express the fusion protein. Expression of MYB and MYBL1 is inversely correlated,[82](#lio222-bib-0082){ref-type="ref"} suggesting that MYB or MYBL1 likely serve identical functions as independent drivers of ACC. It is possible that all ACCs must have MYB or MYBL1 expressed or activated. Finding that gene expression profiles did not differ between tumors with MYB or MYBL1 fusions further supports this hypothesis.[82](#lio222-bib-0082){ref-type="ref"}

As outlined above, it is becoming clear that MYB or MYB family members are highly expressed in the majority ACC regardless of fusion status,[65](#lio222-bib-0065){ref-type="ref"}, [67](#lio222-bib-0067){ref-type="ref"} but the potential role of fusion partners is not known. Angiocentric gliomas contain a characteristic fusion between MYB and Quaking (QKI),[73](#lio222-bib-0073){ref-type="ref"} and the in‐frame fusion with QKI inactivates this tumor suppressor gene. These findings suggest that, although MYB activation is required, the fusion partner may also be important for tumor development with certain tumors being dependent on certain MYB fusion partners. If activation of MYB signaling alone is sufficient to drive ACC development, it is curious that NFIB is such a favored partner. Whereas the favored partner status of NFIB in ACC may be related to unknown factors favoring interaction of MYB and NFIB genes in this cell type, the preference of NFIB may relate to the findings that NFIB fusion proteins are more stable compared to truncated, unfused MYB, and that MYB‐NFIB fusions in untransformed Schwann cells supports a more transformed phenotype compared to the expression of truncated MYB in the absence of fused NFIB sequences.[78](#lio222-bib-0078){ref-type="ref"} Plausible explanations of the preference for NFIB as the fusion partner of MYB have been offered; however, a role for NFIB has yet to be described.

Although MYB signaling is clearly a driver and likely required in ACC, the absence of cell lines and MYB targeting drugs has prevented exploration of MYB\'s role in ACC carcinogenesis and/or tumor maintenance.

Mutations {#lio222-sec-0014}
---------

Following advancements in sequencing technologies, the complement of gene defects in many cancers has been described. For ACC, three sequencing studies of an aggregate 112 tumors revealed one of the lowest mutation rates in human cancer of less than or equal to 13 mutations per exome or 0.4 mutations per megabase (Table [1](#lio222-tbl-0001){ref-type="table-wrap"}).[54](#lio222-bib-0054){ref-type="ref"}, [55](#lio222-bib-0055){ref-type="ref"}, [83](#lio222-bib-0083){ref-type="ref"} Previously, the lowest rate of ∼1 mutation per Mb was detected in chronic lymphocytic leukemia, whereas the highest rate was found in melanoma (∼15 mutations per megabase).[84](#lio222-bib-0084){ref-type="ref"} A large variety of genes are mutated in ACC, with few recurrent mutations identified in any single study---and despite the haphazard appearance of mutations in ACC, recurrent alterations can be grouped into those involved in NOTCH and FGF signaling as well as epigenetic modification. Fibroblast growth factor receptor and NOTCH defects will be discussed later as drivers of neural crest‐like stemness. Epigenetic states required for stemness place chromatin in a state that allows for transcription widely across genes while simultaneously allowing for suppression of genes involved in differentiation. The role of epigenetic modifiers in normal and cancer stem cell (CSC) maintenance has been reviewed.[85](#lio222-bib-0085){ref-type="ref"}, [86](#lio222-bib-0086){ref-type="ref"}, [87](#lio222-bib-0087){ref-type="ref"} In ACC, the histone 3 lysine 27 demethylase (KDM6A) is recurrently the target of splice and frameshift mutations, with the mutation rate ranging from 7% in mixed‐grade ACC[55](#lio222-bib-0055){ref-type="ref"} to 18% in high‐grade ACC.[83](#lio222-bib-0083){ref-type="ref"} In addition to defects involving KDM6A, mutations in other histone modifiers (SMARCA2, CREBBP, EP300, and ARID1A) are found in ACC. The low mutational burden, combined with alterations in histone modifiers, suggests an important role for epigenetic regulation of gene expression in ACC. Perhaps because of their role in cancer stem‐cell maintenance, or their wide‐ranging effect on gene expression, this group of chromatin modifiers is implicated in many cancers. Inactivating KDM6A mutations occur in pancreatic, bladder, esophageal squamous cell carcinomas, medulloblastoma, glioblastoma, lung, endometrial, colon, kidney, prostate cancers, and hematopoietic tumors.[88](#lio222-bib-0088){ref-type="ref"}, [89](#lio222-bib-0089){ref-type="ref"}, [90](#lio222-bib-0090){ref-type="ref"}, [91](#lio222-bib-0091){ref-type="ref"}, [92](#lio222-bib-0092){ref-type="ref"} Individual genetic alterations and mutations that affect signaling more directly linked to neural crest‐like stemness (e.g., FGFR, MYB, NOTCH) are discussed below.

###### 

Whole‐Exome ACC Sequencing From Three Studies Shows Low Overall Somatic Mutation Rate and Reveals Mutations in NOTCH Signaling, FGF Signaling, and Chromatin Remodeling Genes.

                                                         Ho et al., *Nat Genet* 2013[55](#lio222-bib-0055){ref-type="ref"}                                             Stephens et al., *J Clin Invest* 2013[54](#lio222-bib-0054){ref-type="ref"}                          Ross et al., *Am J Surg Pathol* 2014^83^
  ------------------------------------------------------ ------------------------------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------- ---------------------------------------------------------------
  Tumor specimens, N                                     60                                                                                                            24                                                                                                   28
  Mean somatic mutation, rate per exome (per megabase)   11.8 (0.4)                                                                                                    13 (0.4)                                                                                             1.57 (0.05)
  MYB‐NFIB fusions                                       33 (55%)                                                                                                      19 (79%)                                                                                             Not determined
  Mutations (≥ 5%)                                       KDM6A (8.3%), RYR3 (6.7%), CREBBP (6.7%), MUC16 (6.7%), NOTCH1 (6.7%), PIK3CA (5%), SMARCA2 (5%), TP53 (5%)   SPEN (25%), SMARCA (12.5%), FGFR2 (8.3%), NOTCH1 (8.3%), KDM6A (8.3%), CREBBP (8.3%), EP300 (8.3%)   KDM6A (18%), NOTCH1 (11%), ARID1A (14%), RUNX1 (7%), MYC (7%)

ACC = adenoid cystic carcinoma; FGF = fibroblast growth factor; MYB = myeloblastosis; NFIB = nuclear factor 1 B‐type.

Drivers of Neural Crest‐like Stemness in Adenoid Cystic Carcinoma {#lio222-sec-0015}
-----------------------------------------------------------------

The marked resistance of ACC to radiation and cytotoxic chemotherapy may be attributed, at least in part, to stem cell populations within the tumor because a hallmark of CSCs is resistance to a variety of therapies.[93](#lio222-bib-0093){ref-type="ref"} A role for stem cells in ACC was predicted in a single study that relied on aldehyde dehydrogenase (ALDH) activity as a marker. Aldefluor measurement of ALDH activity in cells that were derived from ACC xenografts revealed that cells with higher ALDH activity had increased tumorigenesis in nonobese diabetic/severe combined immunodeficiency mice, as well as increased invasion, migration, and spheroid formation in culture.[94](#lio222-bib-0094){ref-type="ref"} Interestingly, measurement of ALDH1 protein expression by immunohistochemistry in 216 ACCs revealed no expression in ACC tumor cells.[95](#lio222-bib-0095){ref-type="ref"} The differing results in these studies may relate to measuring ALDH activity versus measuring ALDH1 expression because ALDH isoforms in addition to ALDH1 contribute to Aldefluor positivity. Despite correlation of stem‐like behaviors with Aldefluor activity, drivers of stemness in ACC were not explored.[94](#lio222-bib-0094){ref-type="ref"}

Using Affymetrix expression array analysis, we recently characterized an ACC‐intrinsic gene signature enriched with neural crest stem cell genes and markers.[96](#lio222-bib-0096){ref-type="ref"}, [97](#lio222-bib-0097){ref-type="ref"} This SOX10‐centered expression signature is found in greater than 90% of ACCs. Several of these genes drive critical oncogenic pathways in multiple cancers thought to arise from neural crest, including ACC, glioblastoma, neuroblastoma, melanoma, and basal‐like breast carcinoma (Fig. [1](#lio222-fig-0001){ref-type="fig"}). Key components of the signature and additional genes critical in stem cell maintenance will be discussed.

![Critical genes in neural stem cells that drive formation of adenoid cystic carcinoma, glioblastoma, neuroblastoma, melanoma, and basal‐like breast carcinoma.](LIO2-1-60-g001){#lio222-fig-0001}

Neural Crest Stem Cells {#lio222-sec-0016}
-----------------------

Excluding embryonic stem cells, the neural crest contains perhaps the most plastic cells in human development, serving as precursors to diverse tissue types of both ectodermal and mesodermal designation, including: bone and cartilage of the face and skull, dentin and pulp of the teeth, catecholaminergic cells of adrenal glands, calcitonin‐producing cells of the thyroid, Schwann cells, glia, melanocytes, myofibroblasts, myoepithelial cells, carotid body and other glomus cells, keratocytes in the cornea, smooth muscle cells, neurons, and connective components of the aorticopulmonary septum/outflow tracts of the heart.[98](#lio222-bib-0098){ref-type="ref"}, [99](#lio222-bib-0099){ref-type="ref"} The stem cell nature, ability to differentiate into epithelial and mesenchymal cells, and migratory predisposition are intrinsic to neural crest cells. These stem cell characteristics are co‐opted during carcinogenesis of tissues derived from neural crest and likely contribute to tumor behavior.

The role of neural crest cells in melanomagenesis has long been suspected based on the neural crest origin of melanocytes and gene expression patterns found in these tumors. Elegant experiments now reveal that reversion of a single melanocyte to a neural crest stem cell state defines the origin of melanoma in a zebrafish model system.[100](#lio222-bib-0100){ref-type="ref"} SOX10 is a major transcription factor in neural crest cells that is essential for their maintenance, migration, and development.[101](#lio222-bib-0101){ref-type="ref"} Discovery of a SOX10 coexpression profile containing several genes associated with neural crest stemness led us to propose that neural crest signaling is critical in ACC.[96](#lio222-bib-0096){ref-type="ref"}, [97](#lio222-bib-0097){ref-type="ref"} Myoepithelial cells derived from neural crest surround acini and proximal ducts of several exocrine glands, possibly explaining that ACC is found in these otherwise distinct glands.

SOX10 {#lio222-sec-0017}
-----

The SOX family of transcription factors in general, and SOX10 in particular, play key roles in neurogenesis and maintenance of embryonic and adult neural crest stem cells, where SOX10 is essential.[99](#lio222-bib-0099){ref-type="ref"}, [101](#lio222-bib-0101){ref-type="ref"}, [102](#lio222-bib-0102){ref-type="ref"} In agreement with their neural crest origin, SOX10 is also expressed in adult myoepithelial cells[97](#lio222-bib-0097){ref-type="ref"}, [103](#lio222-bib-0103){ref-type="ref"} and is critical for maintenance of adult neural stem cells that reside in the subventricular zone of the brain.[104](#lio222-bib-0104){ref-type="ref"} The role of neural crest stem cell derivatives and SOX10 in cancer is perhaps most clearly understood in melanoma, where SOX10 is almost universally expressed,[103](#lio222-bib-0103){ref-type="ref"} and in a mouse model. The loss of only one SOX10 allele prevented melanoma despite expression of mutant N‐Ras.[105](#lio222-bib-0105){ref-type="ref"} In human cells, depletion of SOX10 suppressed proliferation and abolished melanoma xenograft tumor formation, indicating that SOX10 is required for CSC maintenance in melanoma.[105](#lio222-bib-0105){ref-type="ref"}

Interestingly, we found that genes coexpressed with SOX10 in ACC, basal‐like breast carcinoma, melanoma, glioblastoma, and neuroblastoma shared common elements, suggesting that these cancers may rely on neural crest stem cell‐supporting transcription programs.[97](#lio222-bib-0097){ref-type="ref"} Immunohistochemistry experiments performed on a normal and malignant salivary and breast gland tissue confirmed SOX10 expression in each of these tissues.[80](#lio222-bib-0080){ref-type="ref"}, [97](#lio222-bib-0097){ref-type="ref"}, [106](#lio222-bib-0106){ref-type="ref"} Comparative in silico analyses performed by our lab revealed additional neural stem cell markers and regulators coexpressed with SOX10, such as NOTCH1, fatty acid‐binding protein 7 (FABP7), and CD133.[96](#lio222-bib-0096){ref-type="ref"}, [97](#lio222-bib-0097){ref-type="ref"}, [107](#lio222-bib-0107){ref-type="ref"}

Myeloblastosis {#lio222-sec-0018}
--------------

Very early in the study of MYB, its critical role in hematopoiesis and maintenance of undifferentiated cellular states was identified.[108](#lio222-bib-0108){ref-type="ref"} In normal hematopoiesis, MYB expression inversely correlates with differentiation[109](#lio222-bib-0109){ref-type="ref"}, [110](#lio222-bib-0110){ref-type="ref"} and is required for proliferation and prevention of lineage differentiation.[108](#lio222-bib-0108){ref-type="ref"} Myeloblastosis is also required for maintenance of adult stem cells of the colon and brain. In the colon crypts and in colon cancer, it stimulates stem cells required for tissue maintenance and tumor repopulation, respectively.[111](#lio222-bib-0111){ref-type="ref"}, [112](#lio222-bib-0112){ref-type="ref"} Using a mouse model with inducible tissue specific loss, MYB was also found to be critical for maintenance of neural stem cell progenitors in the adult brain.[113](#lio222-bib-0113){ref-type="ref"} Interestingly, of MYB\'s two closely related family members, only MYBL1 expression patterns link it to proliferation of immature neuronal precursor cells.[114](#lio222-bib-0114){ref-type="ref"} In chick development, MYB is expressed in the early neural plate border region, which is the progenitor region of the neural crest. Its expression is maintained in early migratory neural crest cells.[115](#lio222-bib-0115){ref-type="ref"}

The majority of evidence supporting MYB as a necessary driver in CSCs derives from hematologic malignancies. Both acute myeloid leukemia and chronic myelogenous leukemia blasts are sensitive to MYB loss[116](#lio222-bib-0116){ref-type="ref"}; in T‐ALL, MYB knockdown promotes differentiation. Interestingly, the effects of MYB loss on differentiation and proliferation is synergized by NOTCH inhibition in T‐ALL, which also harbor NOTCH mutations.[117](#lio222-bib-0117){ref-type="ref"} NOTCH and MYB may also both support ACC given that ACC CSCs are dependent on NOTCH activity[107](#lio222-bib-0107){ref-type="ref"}; however, synergy with MYB has yet to be tested.

Like MYC, MYB initiates a transcriptional program by binding to enhancer binding (E‐box) sites within target genes. E‐box binding by MYB is necessary for neural crest‐like phenotypic emergence recently found to be required for melanoma formation.[100](#lio222-bib-0100){ref-type="ref"} Myeloblastosis fusions in ACC place the enhancer elements close to the MYB gene, leading to a positive feedback loop whereby MYB supports its own expression. Importantly, unrestrained MYB expression likely contributes to a massive shift in ACC gene expression given that 2,400 genes with adjacent MYB‐enhancer elements are highly expressed in ACC but not expressed in normal salivary glands. These MYB binding sites map to many genes that are associated with neural crest stemness, including: translocated MYB itself, neurotrophin receptors (TRKB, TRKC), NOTCH signaling (NOTCH1, NOTCH2, JAG1, JAG2), FGF signaling (FGFR1, FGFR2, FGF2, FGF12), and the BCL2 antiapoptotic pathway (BCL2, BCL2L1, MCL1).[71](#lio222-bib-0071){ref-type="ref"} The critical roles of MYB in maintenance of neural crest progenitors and CSC from hematopoietic and colon cancers, as well as the number of genes expressed in ACC that have enhancer‐binding sites for MYB---combined with the extremely low genetic alteration rate in ACC---suggest that MYB activity is also critical for maintaining an undifferentiated state in ACC. Cell cultures have recently been developed and stem cells subpopulations identified in ACC to test this hypothesis.[103](#lio222-bib-0103){ref-type="ref"}

NOTCH {#lio222-sec-0019}
-----

NOTCH signaling is an evolutionary conserved pathway that regulates stem cells during embryogenesis and in a variety of adult tissues.[118](#lio222-bib-0118){ref-type="ref"} In the developing and adult neural system, NOTCH is fundamental for stem cell maintenance during neurogenesis and in the subventricular zone of the adult brain.[119](#lio222-bib-0119){ref-type="ref"}, [120](#lio222-bib-0120){ref-type="ref"} In spite of the overlap between NOTCH and SOX10 activities, mechanisms of their cooperation are not well understood. NOTCH was one of the first genes discovered whose mutation disrupts neural crest formation,[121](#lio222-bib-0121){ref-type="ref"} and NOTCH signaling is critically involved in development of salivary and breast glands that originate from the neuroectoderm.[122](#lio222-bib-0122){ref-type="ref"} In *Drosophila*, NOTCH deficiency produced multiple abnormalities during salivary gland development[123](#lio222-bib-0123){ref-type="ref"}; in humans, expression of all NOTCH paralogs (NOTCH1‐4) was detected in salivary ductal and acinar cells.[124](#lio222-bib-0124){ref-type="ref"} Although NOTCH serves as a tumor suppressor in some tumors, in other tumors such as neural and breast cancers the NOTCH signaling is activated supporting its oncogenic role and attracting great therapeutic interest toward NOTCH signaling as a principal regulator of CSC.[125](#lio222-bib-0125){ref-type="ref"}, [126](#lio222-bib-0126){ref-type="ref"}, [127](#lio222-bib-0127){ref-type="ref"}, [128](#lio222-bib-0128){ref-type="ref"}, [129](#lio222-bib-0129){ref-type="ref"}

NOTCH cell surface receptors are activated by proteolytic cleavage upon binding to Delta or Jagged ligands to generate a transcriptionally active NOTCH‐intercellular domain. NOTCH receptor activation requires the enzyme, γ‐secretase, and NOTCH signaling can be inhibited with small molecule γ‐secretase inhibitors.

The role of NOTCH in carcinogenesis has been explored in a mouse model in which an activated NOTCH4 transgene induces neoplastic transformation of mammary and all three major salivary glands.[130](#lio222-bib-0130){ref-type="ref"} Overexpression of NOTCH1 in ACC has been recently described and associated with cancer progression.[131](#lio222-bib-0131){ref-type="ref"} Finally, NOTCH1‐activating mutations recently reported in high‐grade ACC specimens[71](#lio222-bib-0071){ref-type="ref"}, [83](#lio222-bib-0083){ref-type="ref"} support NOTCH1 as a driver of aggressiveness in ACC. Similar activating mutations in NOTCH1‐3 occur in basal‐like breast cancer,[132](#lio222-bib-0132){ref-type="ref"}, [133](#lio222-bib-0133){ref-type="ref"} for which NOTCH1 activation is also implicated in breast cancer progression, chemotherapy resistance, and stimulation of breast CSCs.[134](#lio222-bib-0134){ref-type="ref"} Altogether, these reports strongly support involvement of activated NOTCH in ACC and triple‐negative breast cancers.

Fatty Acid‐Binding Protein 7 {#lio222-sec-0020}
----------------------------

Fatty acid‐binding protein 7, formerly known as brain lipid‐binding protein, was characterized as a brain‐specific signaling regulator more than 20 years ago.[135](#lio222-bib-0135){ref-type="ref"} More recently, FABP7 has been recognized as a NOTCH1 target with a key role in the maintenance of radial glia cells with NSC properties.[136](#lio222-bib-0136){ref-type="ref"}, [137](#lio222-bib-0137){ref-type="ref"}, [138](#lio222-bib-0138){ref-type="ref"}, [139](#lio222-bib-0139){ref-type="ref"}, [140](#lio222-bib-0140){ref-type="ref"} Interestingly, FABP7 is a shared NOTCH1/SOX10 target[136](#lio222-bib-0136){ref-type="ref"}, [141](#lio222-bib-0141){ref-type="ref"} that marks neural stem cells in the subventricular CNS zone, as well as CSC in glioblastoma.[142](#lio222-bib-0142){ref-type="ref"}, [143](#lio222-bib-0143){ref-type="ref"}, [144](#lio222-bib-0144){ref-type="ref"} Fatty acid‐binding protein 7 is coexpressed with SOX10 in ACC and basal‐like breast cancers,[97](#lio222-bib-0097){ref-type="ref"} and in these tumor types FABP7 expression serves as a diagnostic marker associated with poor prognosis.[79](#lio222-bib-0079){ref-type="ref"}, [145](#lio222-bib-0145){ref-type="ref"} Although the mechanism of FABP7 activity in cancer or CSC maintenance is not well described, activation of FABP7 in cancers increases fatty acid uptake resulting in enhanced cell survival and protection against reactive oxygen species.[146](#lio222-bib-0146){ref-type="ref"}

Receptor Tyrosine Kinases Signaling Driving Neural Crest Stemness in Adenoid Cystic Carcinoma {#lio222-sec-0021}
---------------------------------------------------------------------------------------------

Transcription factors such as SOX9, SOX10, MYB, and NOTCH are active in or required for neural crest development and survival; these transcription factors drive expression of many genes, including receptor tyrosine kinases (RTKs). Neural crest proliferation, migration, and survival are linked to expression of RTKs, but different neural crest subpopulations are associated with expression of distinct RTKs. For example, TrkC is essential for neurogenic precursors; FGFR is required for precursors of cranial mesenchyme; c‐Kit is implicated in melanoma precursors; and RET is expressed in cells destined for the enteric ganglion[147](#lio222-bib-0147){ref-type="ref"} (reviewed in[148](#lio222-bib-0148){ref-type="ref"}). Although c‐Kit and EGFR family members are expressed in and may be important for ACC CSC maintenance, here we will focus on Trk and FGF receptors because trials with c‐Kit and EGF family members have not shown efficacy as single agents in ACC.

Neurotropic Signaling {#lio222-sec-0022}
---------------------

Neurotrophic tyrosine kinases---TrkA (NTRK1), TrkB (NTRK2), and TrkC (NTRK3)---are cell surface receptors activated by their ligands, neurotrophins NGF, BDNF, NT‐3, and NT‐4. These receptor tyrosine kinases play important roles in neurogenesis in both the central and peripheral nervous systems.[149](#lio222-bib-0149){ref-type="ref"}, [150](#lio222-bib-0150){ref-type="ref"} In normal tissues, TrkB and TrkC receptors contribute to human embryonic pluripotent stem cell survival by providing anti‐apoptotic signaling through activation of the phosphatidylinositol‐3‐kinase pathway[151](#lio222-bib-0151){ref-type="ref"}; forced expression of TrkC in neural stem cells increases their survival and migration when transplanted into spinal cords.[152](#lio222-bib-0152){ref-type="ref"} The role of neurotrophin signaling in neural crest stem cell maintenance is demonstrated in TrkC null mice, which have increased numbers of fate‐restricted cells and an equivalent decrease in pluripotent neural crest stem cells.[153](#lio222-bib-0153){ref-type="ref"}

Oncogenic properties of Trk receptors are apparent from gene fusions found in various cancers, including lung adenocarcinoma, papillary thyroid cancer, spitzoid neoplasms, glioblastoma, astrocytoma, pediatric glioma, secretory breast carcinoma, mammary analogue secretory carcinoma of salivary glands, and many more.[154](#lio222-bib-0154){ref-type="ref"} As an alternate mechanism for Trk activation, TrkB and TrkC are overexpressed in cancers in which autocrine signaling loops with their ligands (BDNF and NT‐3, respectively) are linked to poor prognosis.[155](#lio222-bib-0155){ref-type="ref"}, [156](#lio222-bib-0156){ref-type="ref"}, [157](#lio222-bib-0157){ref-type="ref"}, [158](#lio222-bib-0158){ref-type="ref"}, [159](#lio222-bib-0159){ref-type="ref"}, [160](#lio222-bib-0160){ref-type="ref"} The great majority of ACC cases (∼94%) express high TrkC levels in conjunction with its ligand, NT‐3. In ACC, TrkC is selectively expressed on neoplastic myoepithelial cells and is often coexpressed with Erk1/2 and BCL2.[96](#lio222-bib-0096){ref-type="ref"} Autocrine TrkC/NT‐3 signaling may promote cell survival, motility, and invasion in ACC, although this has not been directly tested. However, Trk inhibition suppresses ACC xenograft tumor growth and cellular proliferation, supporting a role for TrkC in ACC.[96](#lio222-bib-0096){ref-type="ref"}

Fibroblast Growth Factor Signaling {#lio222-sec-0023}
----------------------------------

Along with NOTCH, basic fibroblast growth factor (FGF2) was among first molecules identified as critical for neural crest development.[161](#lio222-bib-0161){ref-type="ref"} Since that time, other components of FGF signaling, including fibroblast growth factor receptor 1 (FGFR1), have also been implicated in neural crest development.[162](#lio222-bib-0162){ref-type="ref"} Amplification, gene fusions, or activating mutations of FGF signaling components drives several tumor types.[163](#lio222-bib-0163){ref-type="ref"} Like TrkC, FGFR1 is highly expressed in the majority of ACC specimens (Fig. [2](#lio222-fig-0002){ref-type="fig"}). Expression of FGFR1 and its ligands (FGF1 and FGF2), amplifications of FGFR1 and FGFR3, and mutations in FGF signaling components (FGFR1, FGFR2, FGFR4, FGF16, and PIK3CA) are described in ACC, suggesting that FGF signaling is important for ACC carcinogenesis or maintenance.[54](#lio222-bib-0054){ref-type="ref"}, [55](#lio222-bib-0055){ref-type="ref"}, [60](#lio222-bib-0060){ref-type="ref"}, [83](#lio222-bib-0083){ref-type="ref"}, [164](#lio222-bib-0164){ref-type="ref"}, [165](#lio222-bib-0165){ref-type="ref"} Similarly, autocrine loops that activate FGFRs are active in many tumors, including those with neural crest derivation such as melanoma and basal‐like breast cancers.[166](#lio222-bib-0166){ref-type="ref"}, [167](#lio222-bib-0167){ref-type="ref"}, [168](#lio222-bib-0168){ref-type="ref"}, [169](#lio222-bib-0169){ref-type="ref"}, [170](#lio222-bib-0170){ref-type="ref"}, [171](#lio222-bib-0171){ref-type="ref"} Moreover, based on the study that linked MYB to FGF2 stimulation in melanoma,[172](#lio222-bib-0172){ref-type="ref"} it was suggested that similar mechanism may be involved in ACC.[60](#lio222-bib-0060){ref-type="ref"} Our group recently identified an FGFR2‐activating mutation (S252W) in a case of ACC (unpublished data, Yale Laboratory for Head and Neck Oncology). The S252W mutation found occurs in ∼4% of endometrial cancers.[173](#lio222-bib-0173){ref-type="ref"}, [174](#lio222-bib-0174){ref-type="ref"} This mutation is associated with Apert syndrome, a craniosynostosis syndrome distinguished by syndactyly of the hands and feet and central nervous system malformations.[175](#lio222-bib-0175){ref-type="ref"} Interestingly, inactivating mutations of FGFR2 in melanoma have been described.[176](#lio222-bib-0176){ref-type="ref"} Mice that lack an FGFR2 isoform are sensitive to carcinogen‐induced skin cancer,[177](#lio222-bib-0177){ref-type="ref"} suggesting that FGFR‐signaling may protect against tumor formation. The majority of this evidence suggests that tumor‐suppressive effects of FGF signaling function through FGFR2, however; no distinctions of intracellular signaling between FGFR1 and FGFR2 have been found, suggesting that opposing roles of FGFR2 as a tumor suppressor and oncogene may be cell context‐dependent.[178](#lio222-bib-0178){ref-type="ref"}

![Overexpression of FGFR1 and NTRK3 in primary clinical (ACC) and grafted (ACCX) tumor specimens, as well as in salivary AD, salivary MEC, HNSCC, and NORM based on Affymetrix gene expression analysis performed in Ivanov et al.[96](#lio222-bib-0096){ref-type="ref"} ACC = adenoid cystic carcinoma; ACCX = ACC xenograft; AD = adenocarcinoma; FGFR = fibroblast growth factor receptor; HNSCC = head and neck squamous cell carcinoma; MEC = mucoepidermoid carcinoma; NORM = normal salivary tissue; NTRK3 = neurotrophic receptor tyrosine kinase 3.](LIO2-1-60-g002){#lio222-fig-0002}

Given activation of FGF signaling in ACC, pharmacological suppression of FGFRs has been explored.[179](#lio222-bib-0179){ref-type="ref"} Unfortunately, clinical trials have been disappointing. Currently, a clinical trial testing regorafinib, a multikinase inhibitor targeting FGFR, VEGFR, PDGFR, and c‐Kit, is recruiting ACC patients (NCT02098538).

Characterization of Cancer Stem Cells in Adenoid Cystic Carcinoma {#lio222-sec-0024}
-----------------------------------------------------------------

Cancer stem cells depend on distinct signaling pathways and harbor expression profiles that are different than the bulk cancer cells. Characterization of CSC derived from several tumor types has found that they depend on pathways identified in many non‐CSCs, including Hedgehog, Wnt, Nanog, SOX, and NOTCH. By definition, CSCs must have enhanced ability to form xenograft tumors compared to bulk tumor cells; however, their isolation can be challenging because they represent a minority of cancer cells in a tumor. In many tumor types, CSC isolation relies on cell surface markers or aldehyde dehydrogenase expression or activity. CD133 is expressed on the cell surface of normal neural stem cells and CSCs from brain tumors.[180](#lio222-bib-0180){ref-type="ref"} Although expression of CD133 has been described in ACC,[181](#lio222-bib-0181){ref-type="ref"}, [182](#lio222-bib-0182){ref-type="ref"} its connection with stem cell phenotypes and the molecular identity of CSCs in ACC has only recently been explored.

Starting with ACC patient‐derived xenografts or with primary ACC tissue, CD133‐positve ACC cells were enriched from cell cultures or disaggregated tumor tissue and found to possess behaviors that define CSCs.[107](#lio222-bib-0107){ref-type="ref"} Specifically, cultured CD133‐positive cells regenerate both CD133‐positive and CD133‐negative cells, form spheroids in vitro, and compared to CD133‐negative cells display enhanced tumorigenesis in immunodeficient mice. On the other hand, cultured CD133‐negative ACC cells do not produce CD133‐positive cells and do not form spheroids in culture. As expected, gene expression profiles of CD133‐positive and CD133‐negative cells are distinct. Adenoid cystic carcinomas express neural crest stem cell markers SOX10, NOTCH1, and FABP7, whereas CD133‐negative cells express neural differentiation markers NR2F1 and NR2F2[183](#lio222-bib-0183){ref-type="ref"} as well as p27Kip[1](#lio222-bib-0001){ref-type="ref"}, a cyclin‐dependent kinase inhibitor and key regulator of neural differentiation.[184](#lio222-bib-0184){ref-type="ref"}, [185](#lio222-bib-0185){ref-type="ref"}, [186](#lio222-bib-0186){ref-type="ref"} Perhaps most intriguingly, CD133‐negative cells express JAG1, a membrane‐associated NOTCH ligand, and immunofluorescent staining of cocultured CD133‐positve and CD133‐negative cells places cells expressing NOTCH receptors and ligands adjacent to one another.[107](#lio222-bib-0107){ref-type="ref"} These data suggest an ACC model whereby CSCs and more differentiated tumor cells are interdependent, with expression of JAG1 on the more differentiated cells activating NOTCH signaling within CSCs (Fig. [3](#lio222-fig-0003){ref-type="fig"}).

![ACC‐CSC (bottom) express CD133, SOX10, and NOTCH1/N1ICD; re‐produce themselves; and generate CD133‐negative cells. More differentiated CD133‐negative cells express differentiation markers and activate NOTCH1 on ACC‐CSC through expression of the NOTCH ligand, JAG1.\
ACC‐CSC = adenoid cystic carcinoma cancer stem cells.](LIO2-1-60-g003){#lio222-fig-0003}

NOTCH signaling is required for survival of many neural CSCs, and depletion of NOTCH1 in ACC cultures inhibits spheroid formation and CSC survival. Cancer stem cells in ACC are also dependent on SOX10 and FABP7 expression, showing that NOTCH1, SOX10, and FABP7 are each required for maintenance of these cells. Blocking NOTCH signaling using γ‐secretase inhibitors selectively kills ACC cancer stem and sensitizes them to irradiation. Inhibition of NOTCH was accompanied by downregulation of SKP2, an E3 ubiquitin ligase that leads to degradation of p27Kip[1](#lio222-bib-0001){ref-type="ref"}. SKP2 is associated with poor prognosis in various cancers, including ACC,[187](#lio222-bib-0187){ref-type="ref"}, [188](#lio222-bib-0188){ref-type="ref"}, [189](#lio222-bib-0189){ref-type="ref"} suggesting that p27^Kip1^ or other SKP2 targets may inhibit survival of ACC CSCs. Importantly, NOTCH inhibition with γ‐secretase suppresses xenograft tumor growth in nude mice, further supporting a major role for NOTCH1 in maintenance of CSC and ACC progression.

Although individual roles for SOX10 and NOTCH1 in stem cells maintenance are well established, and loss of NOTCH signaling decreases SOX10 expression in neural progenitors,[190](#lio222-bib-0190){ref-type="ref"}, [191](#lio222-bib-0191){ref-type="ref"} cooperation between SOX10 and NOTCH1 in stem cell maintenance has not been previously described. Implication of both of these transcription factors as ACC stem cell drivers that signal through common targets, such as FABP7 and SKP2, provides a novel molecular mechanism and potentially new targets for elimination of CSCs.

New Adenoid Cystic Carcinoma Models for In Vitro and In Vivo Research {#lio222-sec-0025}
---------------------------------------------------------------------

The generation of cell lines or cultures, as well as robust animal models, are needed to accelerate discovery of new therapies in ACC.[73](#lio222-bib-0073){ref-type="ref"} Modeling of ACC is improving, with several xenografts being maintained,[192](#lio222-bib-0192){ref-type="ref"} and robust cell cultures are emerging that can be used for preclinical testing, genetic manipulation for hypothesis testing, and drug screening.

Adenoid Cystic Carcinoma Xenografts {#lio222-sec-0026}
-----------------------------------

Recent evidence suggest that patient‐derived xenografts (PDXs) may be the most reliable preclinical model because they maintain the complexity of tumor structure and more closely mimic drug response.[193](#lio222-bib-0193){ref-type="ref"} Given the paucity of clinical material and lack of validated cells lines in ACC, generation of (PDX) has been perhaps the most critical achievement to advance research in this tumor.[192](#lio222-bib-0192){ref-type="ref"} Adenoid cystic carcinoma derivation of 12 PDXs was confirmed by the findings that 11 have MYB locus rearrangements and 10 contain MYB‐NFIB fusions. Importantly for studies of CSCs, PDX models, unlike cancer cell lines, maintain stem cells in a three‐dimensional tumor environment and can serve as a reliable source for derivation of cells for CSC research.[194](#lio222-bib-0194){ref-type="ref"}

Adenoid Cystic Carcinoma Cell Cultures {#lio222-sec-0027}
--------------------------------------

In routine cell culture media, both with and without serum, ACC cells grow very slowly, senesce after a few passages, and eventually die (unpublished data, Yale Laboratory for Head and Neck Oncology). Attesting to the difficulty in establishing ACC cultures, there are no validated ACC cell lines available from ATCC, and genetic profiling of six ACC cell lines shared between laboratories (ACC2, ACC3, ACCM, ACCNS, ACCS, and CAC2) revealed cross‐contamination and misidentification[195](#lio222-bib-0195){ref-type="ref"} and effectively invalidated research that used them. These six cell lines can now be found in the list of cross‐contaminated or misidentified lines available at <http://iclac.org/wp-content/uploads/Cross-Contaminations-v7_2.pdf>.

In 2013, a cell line was derived from a minor salivary gland ACC, SACC‐83. Serial intravenous injections and re‐derivation from lung deposits created SACC‐LM, a daughter cell line with increased metastatic potential.[196](#lio222-bib-0196){ref-type="ref"}, [197](#lio222-bib-0197){ref-type="ref"} Although these cell lines have not been compared to the original patient or the primary tumor, short‐tandem repeat (STR) analyses confirm that these two cell lines are of the same derivation (16 of 16 match) and distinct from HeLa cells. However, deeper comparison with publically available databases of a broad range of cell lines has not been reported.[198](#lio222-bib-0198){ref-type="ref"}

Recently, an additional cell line, MDACC‐ACC‐01, was developed from a base of tongue ACC.[199](#lio222-bib-0199){ref-type="ref"} Unfortunately, the population doubling time (PDT) increased with passage (p5 PDT = 64 hours, p18 PDT = 102 hours). To decrease doubling time and establish a cell line, passage 7 cells were immortalized with human telomerase reverse transcriptase (hTERT), resulting in PDT of approximately 60 hours and stabilizing the culture to grow to 100 passages without signs of senescence. Unfortunately, G‐banding and spectral karyotyping found that a t(6q25;14q13) translocation identified in the primary tumor and in early passages of the culture were lost as early as passage 5 and disappeared entirely by passage 10 of the immortalized cells.[199](#lio222-bib-0199){ref-type="ref"}

Our group reported development of several cell cultures from ACC patient‐derived xenografts or from primary ACC tumors using a conditionally reprogrammed cell‐culture protocol reliant on Rho‐associate kinase (ROCK) inhibition.[107](#lio222-bib-0107){ref-type="ref"} Cultures were validated by short‐tandem repeat genotyping, and MYB fusions were confirmed in all cultures tested (Table [2](#lio222-tbl-0002){ref-type="table-wrap"}). The best performing culture was derived from the adenoid cystic carcinoma xenograft 11 and has been passaged more than 30 times. Cultured cells from ACCX11 retained the MYB fusion found in the primary tumor, and cultured cells readily formed xenograft tumors in nude mice with histology that recapitulated the primary and xenografted tumors (Fig. [4](#lio222-fig-0004){ref-type="fig"}).[107](#lio222-bib-0107){ref-type="ref"}

![Tumor cells from patient‐derived xenograft ACCX11 are cultured (Accx11); and cells from these cultures, when injected into mice, form tumors (ACCX11cc) histologically resembling the original and patient‐derived xenograft tumors.\
ACC = adenoid cystic carcinoma; ACCX = ACC xenograft.](LIO2-1-60-g004){#lio222-fig-0004}

###### 

Validation of ACC Cultures by Microsatellite and MYB‐NFIB Fusion.

  Sample     Specimen Type    MYB‐NFIB Fusion                                  TH01       D21S11               D5S818       D13S317   D7S820    D16S539    CSF1PO      Amelogenin
  ---------- ---------------- ------------------------------------------------ ---------- -------------------- ------------ --------- --------- ---------- ----------- ------------
  ACCXM51    Xenograft        Confirmed[a](#lio222-note-0004){ref-type="fn"}   9.1, 10    28, 29.3, 32, 32.1   12.3         10, 14    7, 11     9, 11      9.3, 11     X, Y
  Accx5m1    Culture          Confirmed                                        9.1, 10    29.3, 32.1           12.3         11, 14    7, 11     9, 13.1    9.3, 10.3   X, Y
  ACCX11     Xenograft        Confirmed[a](#lio222-note-0004){ref-type="fn"}   6.1, 10    28.3, 31.1           11.1         13, 14    8, 9.1    11, 12.1   10, 12      X
  Accx11:9   Culture          Confirmed                                        6.1, 10    28.3, 31.1           11.1         13, 14    8, 9.1    11, 12.1   10, 12      X
  ACCX14:9   Xenograft        Confirmed[a](#lio222-note-0004){ref-type="fn"}   6.1, 10    28.3                 10.1, 11     15        9, 10     12.1       11, 12      X
  Accx14:9   Culture          Confirmed                                        6.1, 10    28.3                 10.1, 11.1   14        9.1, 10   11, 12.1   11, 12      X
  ACCX19     Xenograft        Confirmed[a](#lio222-note-0004){ref-type="fn"}   7.1, 8     27.3                 12.3         13, 15    8, 11     10, 11     6.3, 12     ‐
  Accx19     Culture          Not tested                                       7.1, 8     27.3                 12.3         13, 15    8, 11     10, 11     6.3, 12     ‐
  ACCX29     Xenograft        Confirmed[a](#lio222-note-0004){ref-type="fn"}   6.1, 7.1   29.3, 31             10.1, 11     13, 14    10        9, 11      12          X
  Accx29     Culture          Not tested                                       6.1, 7.1   29.3, 31.1           10.1, 11.1   13, 15    9.3       9, 11      12          X
  ACC33      Original Tumor   Not tested                                       9.1, 10    28.3, 29.3           9            11, 15    9.3, 11   11, 12.1   11, 14      X
  Acc33      Culture          Not tested                                       9.1, 10    28.3, 29.3           9            10, 14    10, 11    11, 12.1   11, 14      X

MYB‐NFIB confirmation of xenografts from Moskaluk et al. *Lab Invest* 2011.^192^

ACC = adenoid cystic carcinoma; ACCX = adenoid cystic carcinoma xenograft; MYB = myeloblastosis; NFIB = nuclear factor 1 B‐type.

To advance ACC research, it is critical that cell cultures, cell lines, and patient‐derived xenografts be rigorously validated and meticulously maintained. Short‐tandem repeat genotyping is recommended by ATCC (<https://www.atcc.org/~/media/PDFs/STR_Profiling.ashx>) for all cultures. Short‐tandem repeat testing assures that cell lines or short‐term cultures are not derived from or contaminated with known cell lines. In addition, because STR is based on human sequences, absence of signal following amplification suggests that cells are derived from or contaminated with cells from other species. If the tumor, normal tissue, or blood can be obtained from the patient from which the culture is derived, STR assessment of both the parent tissue and derivative cell culture will assure the provenance of the cultured cells. Cell cultures using ROCK inhibitors and murine fibroblast feeder layers should be subjected to extensive validation before distribution. Although fibroblasts to be used as feeder cells are irradiated, rare fibroblasts acquire proliferative capacity with the potential to contaminate or replace the cells of interest (unpublished data, Yale Laboratory for Head and Neck Oncology). Another issue unique to this culture system is that the ROCK inhibitor potentiates growth of both normal and tumor cells. After STR testing confirms the culture\'s uniqueness and derivation, the cancerous nature of the cells must be confirmed by tumor formation after xenografting and/or identification of identical gene alterations in the parent tumor and derivative cells.

The lack of centralized resources for distribution of ACC cell lines has not been an issue in the absence of such cultures; however, cultures are starting to be reported, as outlined above. The Salivary Gland Tumor Biorepository is a central distribution source for salivary gland tumors that is supported by the National Institute of Dental and Craniofacial Research (National Institutes of Health, Bethesda, MD). The biorepository currently offers only the MDACC‐ACC‐01 hTERT‐immortalized line discussed above (<https://research.mdacc.tmc.edu/Salivary_DB/index.html>), but expansion of this resource to include viably frozen tissue and short‐term cultures is being proposed.

Targeting Stemness in Adenoid Cystic Carcinoma {#lio222-sec-0028}
----------------------------------------------

The CSC theory asserts that these cells are at the heart of tumor growth and spread, and that the tumor would lose regenerative capacity if destroyed. In experimental models, injection of very few CSCs recreates the entire tumor architecture and cell variety; however, CSCs have slower proliferative rates and are more resistant to cytotoxic therapies. Experience with other solid tumors demonstrates that targeting CSC inhibits not only tumor growth but also metastatic and invasive behaviors.[200](#lio222-bib-0200){ref-type="ref"} Neural crest stem cell properties of ACC CSCs may be central for their metastatic behavior, which requires cells to migrate, invade, adapt, and grow in a new environment. Targeting stemness in cancer is not a new idea, but there was little data supporting the existence of stem cells in ACC, and until recently, no data identifying critical signaling pathways involved in ACC CSC maintenance. Several lines of data are converging to indicate that stem cells in ACC may be among the best target in this tumor type. As described above, key components of the neural expression signature intrinsic to ACC, including MYB, SOX10, NOTCH, and FABP7, have been closely associated with maintenance of progenitor or undifferentiated cell states. Although stem cells may be targeted by inhibition of transcriptional regulators required for stemness, such as SOX10, MYB, and NOTCH; other targets, such as epigenetic modifiers and immune inhibitory pathways, may also target stem cells.

Myeloblastosis as a Stemness Target in Adenoid Cystic Carcinoma {#lio222-sec-0029}
---------------------------------------------------------------

The role of MYB in carcinogenesis is well established,[201](#lio222-bib-0201){ref-type="ref"}, [202](#lio222-bib-0202){ref-type="ref"} and the recent discovery of MYBL1 fusions in a subset of tumors lacking MYB suggests that MYB‐like signaling may be required for development or maintenance of ACC. Because ACC cell lines have only recently been developed, the effect of MYB loss in ACC or ACC CSCs has not been described. In ACCs containing the MYB‐NFIB translocation, it can be detected in all tumor cells; however, MYB is expressed only in a subset of ACC cells, namely basal cells where it is coexpressed with the stemness marker, p63.[70](#lio222-bib-0070){ref-type="ref"} This pattern of MYB expression suggests that it is confined to less differentiated cells, and as such could be a major driver of the CSC subpopulation within ACC.

Direct targeting to inhibit transcription factors, such as MYB, has been difficult. Chromatin immunoprecipitation analyses revealed that MYB is a master transcription factor altering expression of a plethora of genes,[73](#lio222-bib-0073){ref-type="ref"} suggesting that therapies that target genes whose expression is driven by MYB may not be effective. Regulating epigenetic modification or epigenetic‐driven gene transcription (see below) or inhibiting interactions between MYB and required transcriptional cofactors are potential strategies for indirect inhibition of MYB. The protein acetylase p300 directly binds MYB, altering its transcriptional activity, and loss of p300‐MYB interaction results in hematopoietic defects in mice.[203](#lio222-bib-0203){ref-type="ref"} In addition, expression of mutant MYB incapable of interacting with p300 prevented myeloid leukemia induction by several oncogenes. Because MYB activity is critical for maintenance of leukemia, targeting the MYB/p300 interaction domain has been proposed, but no drugs yet exist (reviewed in[204](#lio222-bib-0204){ref-type="ref"}).

Currently, direct targeting of MYB has been difficult, but new approaches may soon make direct degradation of MYB possible. Small‐molecules that bind to a target protein and attract endogenously expressed E3 ubiquitin ligases to initiate proteasomal degradation of the target protein have been termed *proteolysis‐targeting chimeras* (PROTACs). A PROTAC targeting the androgen receptor effectively decreased androgen receptor expression in prostate cancer cells,[205](#lio222-bib-0205){ref-type="ref"} and "untargetable" proteins have also been degraded using PROTACs (reviewed in [206](#lio222-bib-0206){ref-type="ref"}). Creation of a MYB‐targeting PROTAC relies on discovery of a small molecule that binds to MYB, but this should be possible using high‐throughput screening techniques.

NOTCH as a Stemness Target in Adenoid Cystic Carcinoma {#lio222-sec-0030}
------------------------------------------------------

Cancer stem cells with high SOX10, NOTCH1, and FABP7 expression are present in ACC, and although all three gene products are essential for CSC maintenance, only NOTCH1 activation can be currently inhibited. Clinical trials with γ‐secretase alone or in combination with other drugs have shown promising results in solid tumors, including breast cancers,[207](#lio222-bib-0207){ref-type="ref"}, [208](#lio222-bib-0208){ref-type="ref"} but have not been yet tested on ACC patients. Despite signals of activity, trials of γ‐secretase inhibitors have been plagued by gastrointestinal side effects attributed to the broad effects of γ‐secretase inhibition that is not directly related to NOTCH inhibition. To minimize side effects, more specific inhibitors of NOTCH signaling, which include monoclonal antibodies against specific NOTCH receptors such as tareztumab (anti‐NOTCH2/3) and brontictuzumab (anti‐NOTCH1), as well as antibodies against activating ligands of NOTCH such as demcizumab and OMP‐305B83 (both anti‐DLL4) (OncoMed Pharmaceuticals, Inc., Redwood City, CA), have been developed. Two independent trials are assessing the efficacy of BMS‐906024, a new pan‐NOTCH inhibitor, with one study utilizing it as a single‐agent and the other in combination with traditional chemotherapy.[209](#lio222-bib-0209){ref-type="ref"}

Receptor Tyrosine Kinases as Stemness Targets in Adenoid Cystic Carcinoma {#lio222-sec-0031}
-------------------------------------------------------------------------

Intrinsically high expression levels of TrkC and FGFR1 in ACC specimens,[96](#lio222-bib-0096){ref-type="ref"} as well as somatic FGFR2 mutations reported in a fraction of ACC patients (Table [1](#lio222-tbl-0001){ref-type="table-wrap"}) (Fig. [2](#lio222-fig-0002){ref-type="fig"}) (unpublished data, Yale Laboratory for Head and Neck Oncology), suggest that these RTKs can be targeted to cripple CSCs. A recent study suggests that neurotrophins may be key to salivary gland development,[210](#lio222-bib-0210){ref-type="ref"} and potential involvement of other neurotrophins and Trk receptors in this process is supported by detection of TrkC/NTRK3 and NGFR expression in the salivary gland primordium (Fig. [5](#lio222-fig-0005){ref-type="fig"}).

![Expression of TrkC/NTRK3 and NGFR in the developing salivary glands (black arrows) of mouse embryos (<http://genepaint.org>).\
TrkC/NTRK3 = neurotrophic tyrosine kinase 3.](LIO2-1-60-g005){#lio222-fig-0005}

Fibroblast growth factor signaling is also engaged in neural stem cell regulation, neurogenesis, and cross talk with neurotrophic signaling.[211](#lio222-bib-0211){ref-type="ref"}, [212](#lio222-bib-0212){ref-type="ref"}, [213](#lio222-bib-0213){ref-type="ref"}, [214](#lio222-bib-0214){ref-type="ref"} Remarkably, FGF2 can transform embryonic stem cells to neural crest stem cells, further confirming the role of FGF signaling in neural crest development.[102](#lio222-bib-0102){ref-type="ref"} Among the four FGFR receptors, only FGFR1 and FGFR2 are expressed in the salivary glands, where they regulate salivary branching morphogenesis and cell survival.[215](#lio222-bib-0215){ref-type="ref"}, [216](#lio222-bib-0216){ref-type="ref"} Two FGFR2 isoforms, IIIb and IIIc, have been implicated in salivary gland development, together with their ligands FGF10 and FGF8, respectively.[217](#lio222-bib-0217){ref-type="ref"}, [218](#lio222-bib-0218){ref-type="ref"}, [219](#lio222-bib-0219){ref-type="ref"}

Ample experimental evidence links neurotrophic signaling to maintenance of CSC in a large variety of cancers (reviewed in[220](#lio222-bib-0220){ref-type="ref"}). Importantly, existing data suggest that these CSCs hijack embryonic signaling, interconvert between different neurotrophic receptors, and benefit from cross talk between neurotrophic and other signaling pathways. Better understanding of these complex signaling interactions is essential for designing effective combination strategies that could take advantage of recently produced NOTCH, FGFR, Trk, and other RTK inhibitors to thwart acquired and intrinsic drug and radiation resistance.[126](#lio222-bib-0126){ref-type="ref"}, [221](#lio222-bib-0221){ref-type="ref"}, [222](#lio222-bib-0222){ref-type="ref"}

Epigenetic Targeting of Stemness in Adenoid Cystic Carcinoma {#lio222-sec-0032}
------------------------------------------------------------

In addition to inhibition of transcriptional regulators required for ACC stemness (e.g., SOX10, MYB, and NOTCH), epigenetic modifiers can also be targeted. In ACC, chromatin‐modifying enzymes are frequently altered by mutation. Like master transcriptional regulators, aberrant activation of epigenetic modifiers may also prevent differentiation by altering transcription of large numbers of genes. New drugs to alter modification or downstream effects of chromatin modification are emerging.

Targeting of epigenetic modifiers in cancer has shown some success; identification of mutations in CREBBP and EP300 suggest that histone acetylation is dysregulated in ACC.[55](#lio222-bib-0055){ref-type="ref"} HDAC inhibitors (HDACi) have been used in clinical phase 1 to 3 trials on patients with advanced solid tumors, leukemias, and lymphomas.[90](#lio222-bib-0090){ref-type="ref"}, [223](#lio222-bib-0223){ref-type="ref"}, [224](#lio222-bib-0224){ref-type="ref"} A recent phase 2 trial of the HDAC inhibitor, vorinostat, in ACC has completed enrollment, but results have not be published; however, preliminary data was promising with three responses (2 partial and 1 minor), as well as improvement in symptoms in three additional patients out of the 30 patients enrolled.[225](#lio222-bib-0225){ref-type="ref"}

Bromodomain and extraterminal (BET) family proteins recruit transcriptional regulator complexes to promoters associated with chromatin acetylation.[226](#lio222-bib-0226){ref-type="ref"} Bromodomain and extraterminal family members bind to acetylated proteins and through protein‐protein interactions nucleate a transcriptional complex that contains CDK9. The kinase activity of CDK9 is important for Pol II transcriptional elongation, and CDK9 activity is enabled in complex with BET family members. Bromodomain and extraterminal family members also contain intrinsic kinase activity that phosphorylates Pol II, but the full impact of this activity is unknown. In 2010, inhibitors of BET proteins that competitively block binding of the bromodomain pocket to acetylated proteins were described and now have now progressed to clinical trials in human cancer patients.[227](#lio222-bib-0227){ref-type="ref"}, [228](#lio222-bib-0228){ref-type="ref"}

Many tumor types are sensitive to BET inhibitors, and interestingly, susceptible tumors included hematopoietic tumors where BET inhibition downregulated MYC and BCL2 expression. Likewise, MYC amplified neuroblastomas are also sensitive to BET inhibitors (reviewed in [226](#lio222-bib-0226){ref-type="ref"}). As with MYC, genes transcribed in response to MYB in T‐ALL and angiocentric gliomas are highly correlated with H3K27 acetylation of enhancer sequences[73](#lio222-bib-0073){ref-type="ref"}, [229](#lio222-bib-0229){ref-type="ref"}; in angiocentric gliomas, MYB drives a positive‐feedback loop, enforcing its expression based on enhancer H3K27 acetylation of the 3\' fusion partner of MYB.[73](#lio222-bib-0073){ref-type="ref"}

Changes in gene transcription in response to BET inhibitors is cell type‐specific, with marked suppression of MYC in leukemia but little suppression in fibroblasts.[230](#lio222-bib-0230){ref-type="ref"} Given that BET proteins bind to MYC and other transcription factors,[231](#lio222-bib-0231){ref-type="ref"} it is likely that this binding may also alter gene transcription and/or transcription factor stability. In many tumors, expression of MYB target genes depend on enhancer acetylation, suggesting that inhibition of BET proteins is a promising means of inhibiting MYB‐driven gene expression; however, cell type specific responses to BET inhibitors indicate that preclinical testing to determine effects of BET inhibitors are first needed in ACC.

Through its interaction with CDK9, a CDK family member, CDK7 regulates transcription through phosphorylation of the C‐terminal domain of Pol II[232](#lio222-bib-0232){ref-type="ref"} in areas marked by acetylated chromatin. A covalent inhibitor of CDK7 was described in 2014.[32](#lio222-bib-0032){ref-type="ref"} As with BET inhibitors, T‐ALL cells were more sensitive to CDK7 inhibitors than other lines; in these cells, expression of genes driven by super‐enhancers was disproportionally inhibited.[232](#lio222-bib-0232){ref-type="ref"} At higher concentrations, CDK7 inhibition globally suppresses transcription, suggesting that clinical utility will rely on determining heightened sensitivity, possibly based on transcriptional dysregulation driven by super‐enhancers.

Given the key role of epigenetic modification in stemness, epigenetic modifiers hold great promise for therapy of ACC stemness.

Immune Modulatory Therapy and Stemness {#lio222-sec-0033}
--------------------------------------

Immune modulatory therapy has had great success in many tumor types, such as melanoma, bladder cancer, and lung cancer, and there are ongoing studies in the most common solid tumor types. Breakthroughs initially came in melanoma patients through inhibition of cytotoxic T‐lymphocyte‐associated protein‐4 (CTLA‐4) and the programmed death‐ligand 1/programmed cell death protein 1 (PD‐L1/PD‐1) immune checkpoint proteins. Studies are now focused on identification of markers that may predict response to different inhibitors based on expression of inhibitory molecules, tumor infiltrating lymphocytes, or other markers.

There is limited data assessing the immune response to ACC tumors. A study of 20 primary and metastatic tumors revealed that ACC tumor cells do not express PD‐L1 and that the majority of tumors have few infiltrating immune cells.[233](#lio222-bib-0233){ref-type="ref"} Interestingly, the majority of ACCs express PD‐L2, and chemo‐radiation therapy is associated with increased CD8+ T‐cells, decreased FOXP3+ regulatory cells, and increased circulating antibodies targeting potential tumor antigens.[233](#lio222-bib-0233){ref-type="ref"} Expression analyses reveal that another immune inhibitory molecule, B7‐H4, is expressed in the majority of ACC, and that expression is greater in ACC cancer stem cells (unpublished data, Yale Laboratory for Head and Neck Oncology). Although not widely expressed in normal tissues, B7‐H4 is expressed in brain tumors, the majority of ovarian papillary carcinoma, ovarian serous adenocarcinomas, and ductal lobular breast cancer.[234](#lio222-bib-0234){ref-type="ref"} When expressed, B7‐H4 inhibits T‐cell proliferation, cytokine production, and production of activated cytotoxic T‐lymphocytes. Consistent with this immune inhibitor function, blockade of B7‐H4 with antibodies elicits T‐cell responses but is not associated with autoimmunity in mice.[234](#lio222-bib-0234){ref-type="ref"} Antibodies targeting this immune inhibitor protein are currently being developed for clinical use and may be trialed in ACC once available.

CONCLUSION {#lio222-sec-0034}
==========

Targeting of stem cells may be particularly effective for ACC given the early evidence suggesting that neural crest‐derived stem cells may be required in ACC.[96](#lio222-bib-0096){ref-type="ref"}, [97](#lio222-bib-0097){ref-type="ref"} Currently, many stem cell drivers, such as SOX10, FABP7, and MYB, cannot be directly targeted; however, NOTCH targeting with γ‐secretase inhibitors has progressed to clinic, and more specific inhibitors of NOTCH signaling are being developed. Targeting of receptor tyrosine kinases associated with neural crest stemness is now possible, but experience with c‐Kit, EGFR, and FGFR inhibitors suggests that combinatorial therapies may be needed for efficacy. Epigenetic targeting of molecules needed for super‐enhancer activity is an intriguing direction given that ACCs express MYB or MYBL1 under the control of super‐enhancers; and of course the direct targeting of MYB, as the most frequently altered gene, is a future goal. Success of immune modulatory therapy in many tumors suggests that such therapy targeting stem cells in ACC may be effective.

Driven by genomic and proteomic advancements, we are entering a new phase in understanding ACC. Suspected molecular drivers in ACC can now be tested in preclinical models that are available as xenografts, as well as in newly developed cell cultures and cell lines. New platforms for preclinical studies may lead to new therapies and decrease the high failure rates that have come to define clinical trials in ACC.[30](#lio222-bib-0030){ref-type="ref"}
